The evolution of multicellularity was one of the key innovations in the history of life on Earth. Virtually all morphological and ecological diversity in macro-organisms builds upon the evolutionary potential associated with multicellularity. We examined the potential for ecological diversity to rapidly arise following transitions to multicellularity. Replicate microcosms containing the yeast Saccharomyces cerevisiae were maintained under serial transfer. Prior to transfer to fresh media each day, S. cerevisiae underwent settling selection via mild centrifugation. Those individuals reaching the bottom of the centrifuge tube were transferred to fresh media. After sixty days, all microcosms contained multicellular individuals that develop via motherdaughter adhesion. In nine of the ten microcosms, at least two distinctive morphological genotypes were evident at sixty days, and in eight of them, the variants were multicellular. We observed substantial morphological variation across replicates, with relatively little parallelism in the size of multicellular individuals or in the size variation within microcosms. These results suggest surprising amounts of contingency in the evolution of ecological diversity, and that "replaying life's tape" would lead to divergent outcomes.
Introduction
The diversity of life is amazing, and its uneven distribution across taxa is a major puzzle in evolution. Why do some groups rapidly diversify and give rise to many different evolutionary units, whereas others diversify only into a few lineages? It has been proposed that the capacity of a lineage to diversify depends to a great extent on its capacity to re-invent itself (Crepet and Niklas, 2009) . It depends on the evolutionary origin of innovations that increase the possible variation available for evolution (Maynard-Smith and Szathmáry, 1995; Sterenly, 2011) . The origin of multicellularity-as an evolutionary innovation-increased the evolutionary potential of plants and animals by increasing the number of possible phenotypes and accessibility to further innovations that require the organization of multiple cells, like the tetrapod limb in animals or the flower in angiospems. Other multicellular groups, like the volvocine algae, have only a few multicellular forms and remain far less diverse than plants, and their algal ancestors, the charophytes (Nedelcu and Michod, 2004) .
It has been argued that major evolutionary changes, involving the reorganization of the organism as a whole, are largely contingent on their prior history. In this respect S. J. Gould (1989) said that as a succession of improbable events, "re-playing life's tape" would lead to divergent outcomes. The role of historical contingency in evolutionary pathways, however, is still contentious, even with respect to the evolutionary origin of innovations (Travisano et al., 1995; Vermeij, 2005; Blount et al., 2008) .
Mechanisms promoting diversity act at different scales (Whittaker 1960; Whittaker et al., 2001) . The prevalence of historical factors in shaping life's diversity might depend on the scale considered. Local diversity (α diversity), for example, has been mainly attributed to ecological dynamics of interactions between and within lineages; as well as the role of the environment over these interactions. Instead, turnover on a regional scale (β diversity), has been explained by historical and large-scale environmental changes like latitudinal temperature gradients (Whittaker et al., 2001) . β diversity has been argued to be largely determined by the way in which ecological interactions and environmental factors have affected the composition of each community over time. In this sense, lineages' turnover is very contingent on previous conditions. Little consideration has been given to the problem of scale in the context of evolutionary innovations and diversification. How do major phenotypic changes affect diversity at a local scale? What is their impact on lineage turnover at a larger scale? How do evolutionary innovations interplay with the causes of diversity at these two levels?
Answering these questions has been experimentally challenging. Innovations like multicellularity evolved independently in separate lineages deep in the past (Bonner, 1998) , and their implications for the subsequent evolution of diversity are difficult-to say the least-to infer from the fossil record. The ecological factors promoting diversity at the local scale are sometimes difficult to measure, and determining the proper scales for measurement is problematic due to continuity among different communities (Graham and Fine 2008; Fraser et al., 2009) .
Microbes provide a good model to investigate ecological and evolutionary questions. These organisms have short generation times and are easily propagated in controlled environments. All these properties allow for high replicability and thus, high comparative power (Travisano 2009 ). Recently, Ratcliff, et al., (2012) performed a selection experiment to study the evolution of multicellularity. Ten replicate populations were established by inoculation with a single strain of the yeast Saccharomyces cerevisiae. Every 24 hours these populations underwent settling selection via mild centrifugation. Those individuals reaching the bottom of the centrifuge tube were transferred to fresh media. After sixty days, all microcosms contained yeast multicellular individuals that develop via mother-daughter adhesion. This experiment provides a good system to evaluate the effect of the evolution of multicellularity on phenotypic diversity at two levels: within and across populations.
Methods

Strains and media
The strains used for this research were ten single genotypes isolated (single colony selection, repeated three times serially) from each of the 10 replicate populations of the original experiment (Ratcliff et al., 2012) after 60 transfers.. All strains were grown in liquid YPD (per liter: 10g yeast extract, 20g peptone, 20g dextrose). Colony isolation was performed after growth in YPD agar plates (15% agar). Six isolates from population one were used for the growth curves (big -1, 2 and 5 and small -3, 6 and 8).
Cluster size
Yeast was grown for 24 hrs at 30ºC in 25 x 150 mm tubes with 10 mL of fresh YPD media shaken at 250 rpm. For conditioning, 100 µl of the culture were transferred to 10 ml of fresh media. These cultures were grown for other 24 hrs under the same conditions.
After 24 hours of growth, 100 µl was obtained from each culture and diluted 1:10 in 0.85% saline solution, from which 10 µl were placed in a hemocytometer chamber. Ten fields of view were photographed. Using the 4X objective and brightfield illumination, pictures were captured on an Olympus IX-70 with a Scion CFW-1310C camera. The acquisition properties were kept consistent throughout the experiment. Once captured, we removed the background of all images using a constant threshold value. We then measured the area of all clusters in each picture. All these image analyses were performed using ImageJ (NIH). To measure within-populations variation in cluster sizes we used captured images from two replicates for each isolate.
Growth rate
After 24 hrs of conditioning growth (at 30ºC in 25 mm tubes with 10 ml of fresh YPD media shaken at 250 rpm), we transfer yeast to fresh media and estimated growth curves. 100 µl of liquid culture was diluted1:100 into 10 ml of fresh YPD. The number of individuals was determined after zero, four and eight hours of growth by direct counting over the 10 different fields of view. Samples were diluted in 0.85% saline solution at a 1:10 dilution before counting. Three replicate tubes were inoculated with each isolate, and growth was measured for each replicate.
Data analysis
Individual size. Due to the presence of both "adult" clusters and juvenile offspring, the size distribution for each isolate was bimodal. In addition, some isolates had a higher proportion of offspring than full-grown clusters. To avoid including juveniles in assessing adult size, an arbitrary size threshold was established, and all the cluster areas below that value were eliminated from the analysis. We defined this threshold in such a way that almost all juvenile offspring were eliminated from the analysis, but none of the full-grown clusters (not even the smallest ones). Because of their great divergence, different threshold values were used for populations 9 and 10.
A nested REML ANOVA (isolate within replicate population, individual observations within isolate) was used to assess individual size and variation among and within replicate populations. The area of individual clusters was square-root transformed to normalize the data. Differences among isolates were then identified using a Tukey HSD test. Comparisons between isolates were performed with JMP Pro 9.0.2 (SAS Institute Inc., 2010). Estimates of α and β diversity were determined by calculating the square root of the genetic variation for individual size within replicates (α diversity) and across replicates (β diversity). Point estimates and 95% confidence intervals were determined by REML calculations.
Growth rate. To calculate the late growth rate (i.e. from 4 to 8 hrs; m 8-4 ) we fixed the y-intercept to the initial cell density and we calculated the growth rate over the entire eight hours and for the first four hours (see Lenski et al., 1991; Travisano 1996) . The growth rate over the later four hours was computed by subtracting the rate from the entire eight hours' growth rate and dividing it by the four hours of difference:
The difference between earlier and late growth rates for the different isolates was evaluated with a two-way ANOVA.
Results and Discussion
Ten strains were isolated from each replicate population after 60 days of settling selection under uniform conditions. Multicellularity evolved in all ten replicate populations over the course of selection. The size of multicellular individuals was determined for each isolate and an unexpectedly high amount of diversity was found when comparing both different populations and isolates within each population (Figures 1-3) . Out of the ten replicate populations, six different size classes could be distinguished (Figure 2 ) and there are clear size differences between cluster areas of small and big populations (Figure 1) .
In prior microbial selection experiments, there is a considerable amount of convergence in adaptive traits because the environment is kept constant across populations (Lenski and Travisano 1994) . Complex innovations sometimes require multiple steps and thus, are more likely to be historically contingent. There are, however, experimental examples of convergence in complex novelties, despite contingency (Meyer et al. 2012) . Overall, microbial evolution experiments have shown that diversification depends largely on ecological opportunities (Rainey and Travisano, 1998) and ecological interactions between different genotypes (Rainey and Travisano, 1998; Kerr et al., 2002; Friesen et al., 2004) . Coevolution and ecological dynamics might even determine the evolutionary outcomes. In this sense, evolutionary change might be contingent not only on previous changes but in the resulting ecological dynamics (Meyer et al. 2012) . The evolution of multicellularity probably modifies both the environmental and the adaptive landscapes, potentially allowing for increased diversification (Ispolatov et al., 2011) .
Diversity was found at two levels: across all replicate populations and within each population. Causes of diversity are probably different, depending upon the scale examined (i.e. across or within populations). Isolates within a population coexist and compete for the same resources, whereas genotypes from different populations are isolated from each other and therefore do not compete, but instead, have independent evolutionary histories. Thus, to further understand the relationship between the evolution of multicellularity and increased diversification, we need to distinguish both components, diversity within (α diversity) and between populations (β diversity).
The majority of the overall diversity is explained by differences across populations (high β diversity), whereas only a relative small percentage corresponds to α diversity (Figure 3) . Patterns of β diversity are often explained by (i) differences in environmental conditions like temperature or precipitation (Quian et al., 2009 ); (ii) historical factors, like geographical isolation causing independent evolutionary histories (Qian et al., 2005) , different patterns of migration (Quian, 2009 ) and stochastic processes involved in community assembly (Chase, 2010 ); (iii) or an interplay of ecological and historical factors (Grenner et al., 2004) . These populations were all started with a single unicellular genotype propagated under uniform conditions across all ten populations. It is very likely that the observed β diversity is associated with the evolution of multicellularity and the evolutionary history of each population.
Organisms constantly interact and transform their environment. As organisms change trough time, the ways in which they interact and modify the environment also change (Doebeli and Dieckmann, 2000) . Some evolutionary innovations, like photosynthesis, radically transformed the world by increasing oxygen concentration in the atmosphere.
Here we see that, even within the extremely controlled environment of culture tubes in an incubator, major changeslike the evolution of multicellularity-probably affect environmental conditions. Cluster formation generates spatial structure increasing localized interactions and potentially creates new environmental gradients (Smukalla et al., 2008; Koschwanez et al., 2011) . These niche construction dynamics, Figure 3 . Sources of individual size diversity. Most diversity for individual size arose across replicate populations (β), while within-replicate diversity (α) accounted for less than a third of the explained size variation. Replicate populations differed in the amount of α diversity, with one replicate having no discernable size variation among its ten isolates. Shown are point estimates (square root of the respective genetic variance= Sqrt(VG)) and 95% CI determined by REML ANOVA. as everything else in evolution, are historical processes and the particular history of each of these populations might be also important to account for all the diversity among populations. There was clearly substantial variation in how long multicellularity took to first evolve in the experiment, ranging from one to eight weeks. In addition, other phenotypic changes, like increased cell size, were observed in some populations previous to the appearance of the first multicelled clusters (Ratcliff, et al. 2012; ) . These observations suggest that chance and environmental changes are playing an important role in this system and together, these factors might account for the high degree of differentiation among populations.
Diversity within each population (Figure 3 ) is a major contributor of total diversity, albeit smaller than across populations. Phenotypic diversity at extreme sizes is largely localized within a few populations (Figure 4 ). Moreover, with the exception of population eight, there are at least two different sized genotypes in all populations. Nonetheless, different populations have different degrees of α diversity. Populations one and three have the highest levels of diversity, whereas population two has a low level of isolate differentiation and population eight is monomorphic for cluster size (Figure 3) . In this case, in contrast with diversity between populations, different sized snowflake yeast compete for the same resources, making ploymorphisms less likely to be explained in terms of pure chance. Furthermore, neutral processes would be unlikely to preserve diversity in an adaptive trait like cluster size in almost all populations.
Thus, there likely are some ecological differences between different genotypes within a population, allowing stable coexistence of these different types. To better understand the causes of within population diversity, we looked closely at one of the populations with higher levels of α diversity (i.e. population one). Within this population there are four distinctive size classes with some overlap among them ( Figure  5 ). Moreover, these differences are heritable (size distribution was maintained after propagation in fresh media each 24 hours for three days without gravitational selection).
We previously demonstrated (Ratcliff et al., 2012) that there is a trade-off between growth rate and settling and that isolates of different populations fall in different points of that trade-off. Yeast clusters that are fast settlers tend to grow slowly, and vice-versa. Thus, we hypothesized that diversity within populations could be explained by a trade-off in cluster size and growth rate, that isolates of the same population would show a negative relation between these two traits. To test this prediction we determined cluster density at time zero, four and eight hours of growth for six isolates of population one (three big and three small). Table 1 . ANOVA of different effects on growth rate. Differences are significant between early (first four hours) and late growth (four to eight hours of growth) as well as the interaction of time and isolate. Differences between isolates are not significant (see text).
Our results show that, during the first four hours, all the isolates have roughly the same growth rate. Then, after four hours, growth rate decreases in the three biggest isolates. Results of an ANOVA support this conclusion; showing that differences between early (0 to 4 hrs) and late (4 to 8 hrs) growth rates are statistically significant, and more importantly, vary among isolates. Additionally, as it would be expected, differences between isolates are not significant because growth rate is initially very similar. However, later growth rate is different for different isolates and as a result the interaction of terms is significant ( Finally, figure 6 shows that within population one there is a trade-off between cluster area and late growth rate (from four to eight hours). Taken together all this observations suggest that there may be within-population ecological differentiation as a result of a trade-off between growth rate and individual size. Some clusters might take advantage of having a faster growth rate whereas others have a bigger size, allowing for a faster settling. This trade-off could, as a result, explain within population diversity, however, more experiments are needed to determine if differentiation along this trade-off allows coexistence.
Conclusion
These results demonstrate that dramatic divergence in individual cluster size readily evolves during the transition to multicellularity. The majority of diversity arises among populations (β), and replicates are readily distinguished by mean individual size. Given the short time scale over which the evolution experiment was carried out (60 serial transfers), it is unclear if the variation for individual size among replicates is likely to persist. Transient diversity can arise via temporal dynamics in the appearance and fixation of different beneficial mutations, prior to convergence to a single adaptive solution. However, multiple lines of evidence suggest that among population diversity is likely to remain. We previously demonstrated a functional trade-off in settling and biomass accumulation (Ratcliff et al., 2012) , that persisted over the course of the selection experiment. Here, we demonstrate a similar trade-off of individual size with growth rate, and have observed this variation within a single replicate population. While such within population variation could potentially be the consequence of simultaneous selective sweeps (clonal interference), the number of genotypes with distinctive phenotypes (four) suggests the evolution of an adaptive radiation (Rainey and Travisano 1998) . We suggest that the transition to multicellularity readily promotes the evolution of novelty associated with adaptive radiations. Figure 6 . Association of growth rates with individual size. Larger individuals suffer a growth rate disadvantage over the later four hours of growth. There is a -0.85 correlation (p =0.030), and a regression would account for 66% of the variation in growth rate among isolates. 
